Microstructures and mechanical properties of friction stir processed Mg–2.0Nd–0.3Zn–1.0Zr magnesium alloy  by Zheng, F.Y. et al.
Available online at www.sciencedirect.comJournal of Magnesium and Alloys 1 (2013) 122e127
www.elsevier.com/journals/journal-of-magnesium-and-alloys/2213-9567Full length article
Microstructures and mechanical properties of friction stir processed
Mge2.0Nde0.3Zne1.0Zr magnesium alloy
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b The State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, PR ChinaAbstractThe effect of Friction stir process (FSP) parameters on the microstructure and mechanical properties of an extruded
Mge2.0Nde0.3Zne1.0Zr (wt.%) alloy was investigated in this paper. The alloy was friction stir processed with different passes: single-pass,
three-pass and five-pass, under a tool rotation rate of 800 rpm and a traverse speed of 200 mm min1. FSP results in remarkable grain refinement
of the extruded alloy (average grain size w3.8 mm as 3 passes) and almost complete dissolution of the Mg12Nd phase in the matrix. With the
increase of pass, the average grain size in the stir zone (SZ) is decreased firstly and then increases. The Vikers hardness of SZs in all FSPed
samples is higher than that of the parent material (PM). Tensile tests at room-temperature show that the tensile strengths of the stir zones along
the FSP advancing direction are slightly lower than those of PM. However, the elongations are remarkably improved from 13.0% for PM to
24.5% for SZ FSPed with three-passes. These improved tensile properties are attributed to the microstructure refinement, dynamic recrystal-
lization and dissolution of the Mg12Nd phase.
Copyright 2013, National Engineering Research Center for Magnesium Alloys of China, Chongqing University. Production and hosting by
Elsevier B.V.
Keywords: MgeNdeZneZr alloy; Friction stir processing; Grain refinement; Dynamic recrystallization
Open access under CC BY-NC-ND license.1. Introduction
Magnesium (Mg) and its alloys, being the lightest structural
metals, have remarkable potential for weight reduction [1].
However, the symmetry of the hexagonal close-packed (hcp)
crystal structure has the limited numbers of independent slip
systems, resulting in poor formability and ductility at room* Corresponding author. National Engineering Research Center of Light
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http://dx.doi.org/10.1016/j.jma.2013.06.001temperature [2,3]. Fortunately, this can be resolved by the
preparation of ultrafine-grained (UFG) microstructures, which
can bring sufficient ductility at room temperature and even
super plasticity at high strain rates and low temperatures
[4e6]. Among numerous techniques used for achieving UFG
microstructures, severe plastic deformation (SPD) processing
has been considered to be a promising route [7]. Matsubara
et al. [8] developed a two-stage extrusion, plus equal channel
angular pressing (ECAP) to fabricate the UFG Mg alloys. The
original coarse grain size can be reduced to less than 10 mm
after extrusion at 300 C, and further reduced to about 0.7 mm
after subsequent 8-pass ECAP at 200 C. However, the ECAP
processing is time-consuming and the shape of materials is
limited to rod with finite dimensions, therefore limits its in-
dustrial application.
Friction stir processing (FSP) is developed as a relatively
novel metal working technique, based on the basic principle of
friction stir welding (FSW) [9,10]. FSP causes intense plastic
deformation, material mixing and thermal exposure, resultingngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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homogenization of the processed zone [11]. At present, FSP
has attracted extensive attention for producing the fine-grained
heterogeneous bulk metal materials or surface composites,
resulting from the modified microstructures of metallic parent
materials and reinforced particles [12e14].
In the past few years, several studies have been conducted
to understand the effect of FSP on the microstructure and
properties of MgeAleZn (AZ) alloys [2,15,16]. It is reported
that FSP results in remarkable grain refinement and significant
breakup and dissolution of the coarse, network-like secondary
eutectic phase b-Mg17Al12 distributed at the grain boundaries,
which significantly improves the tensile properties of the
casting [17]. At present, there are few studies on FSP for Mg
alloys containing rare earth (RE) elements; however, some RE
elements addition such as Nd [18], Dy, and Gd etc., are
beneficial in terms of mechanical properties. Due to the lower
cost and better comprehensive performance, MgeNdeZneZr
alloys have additional potential applications. The precipitating
phases Mg12Nd in the as-extruded MgeNdeZneZr alloy are
relatively coarse, however those elongated grains and surviv-
ing dynamic recrystallization are hundreds of micrometers in
length and tens of micrometers in width [19]. Therefore, it is
worthwhile to examine whether FSP can achieve the dissolu-
tion of the high content of coarse Mg12Nd phase and grain
refinement in the MgeNdeZneZr alloy.
In this study, as-extruded NZ20K alloy plate was prepared
by conventional ingot metallurgy (I/M), followed by solution
treatment and extrusion. Then, FSP is performed on the as-
extruded alloy for preparing fine-grained structure with
different passes. The effects of FSP on the microstructures and
mechanical properties of the alloy are investigated.
2. Experimental procedures
A NZ20K (nominal Mge2.0Nde0.3Zne1.0Zr, wt.%) alloy
was prepared by conventional ingot metallurgy (I/M) and
cooled in air. It was solution-treated at 813 K for 4 h in a SX2-
8-10-type high-temperature heat treatment furnace and
immediately quenched in cold water. Then, the solution-
treated ingot was extruded to a plate with extrusion ratio of
6 and temperature of 648 K. The as-extruded plate was cut for
tensile specimens and machined to plates with thickness of
7 mm for FSP experiments whose scheme is shown in Fig. 1.
A steel tool with a shoulder of 22 mm in diameter and a
threaded cylindrical pin of 8 mm in diameter and 6 mm inFig. 1. Sampling point of Tensile specimens and Vickers hardness tests.length were used for FSP experiments. A tool rotation rate of
800 rpm, a traversing speed of 200 mm min1 and the tool tilt
angle of 2.8 were adopted. Moreover, the advancing direction
of FSP was perpendicular to the extruding direction (ED) and
different passes (single-pass, three-pass and five-pass) were
100% overlapped.
The cross-sectional samples, perpendicular to the FSP
advancing direction (i.e. TD of extrusion plate), were used to
phase analysis by X-ray diffraction (XRD) Rogaku D/max
2550V. These samples were taken only from the SZ and PM of
the FSP samples respectively, and etched by 4% HNO3 in
ethanol, then examined by optical microscopy (OM, Zeiss
Axio Observer A1) and scanning electron microscopy (SEM,
FEI QUANTA 250), complemented by energy-dispersive
spectroscopy (EDS). The grain size was estimated using the
linear intercept method, with over 100 grains per measure.
Vickers hardness tests were conducted on the samples along
the cross-section (as red dots shown in Fig. 1), using a Vickers
indenter with a 50 gf load for 30 s. Tensile specimens were cut
from the SZs with their length parallel to the FSP advancing
direction, and possess a gauge length, width and thickness of
10 mm, 3 mm and 1.5 mm, respectively. Furthermore, these
specimens were machined to ensure the gauge being
completely within the nugget zone. Tensile tests at room
temperature were conducted on a Zwick T1-FR020TN A50
universal testing machine at a strain rate of 1.67  103 s1.3. Results and discussion
Fig. 2 shows typical overall and cross-sectional OM images
of the NZ20K alloy FSPed with single pass. No defect can be
detected in the sample (e.g. tunnel), indicating that the sound
FSPed NZ20K alloy could be achieved under the investigated
welding parameter (rotation rate of 800 rpm, and a traversing
speed of 200 mm min1). It shows distinct 4 regions: stir zone
(SZ), thermo-mechanically affected zone (TMAZ), heat-
affected zone (HAZ) and parent material (PM) after FSP in
the alloy.
Fig. 3 shows high magnification cross-sectional OM images
of PM, SZ, TMAZ, and HAZ of NZ20K alloy FSPed with
single pass, respectively. It shows that the grain sizes in PM,
SZ, and HAZ are relatively more homogeneous (as shown in
Fig. 3a, b and d), than that in TMAZ in which alternating
coarse grain bands and fine grain bands are observed (as
shown in Fig. 3c). The grain size significantly decreases in SZ.
The average grain size in as-extruded alloy is about 20.6 mm.Fig. 2. Overall OM image of the NZ20K alloy FSPed with single pass.
Fig. 3. High resolution OM images of the NZ20K alloy FSPed with single pass (a) PM, (b) SZ, (c) TMAZ, (d) HAZ.
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speed is 200 mm min1 with single pass tool travel, denoted as
800/200-1 in short), the microstructures of the SZ are char-
acterized by fine and equiaxed a-Mg grains (Fig. 3b), whose
average grain size is determined to be 4.24 mm. The primitive
grains in SZ experience severe plastic deformation and dy-
namic recovery, while the coarse grains are broken. Therefore,
this indicates that complete dynamic recrystallization (DRX)
occurs during FSP but the time is too short for DRXed grains
to grow up, leading to significant grain refinement.
TMAZ is found in the close vicinity of SZ and is subjected
to the thermal cycle and mechanical stress. Therefore,
continuous dynamic recrystallization (CDRX) occurs in the
part of the zone and fine equiaxial grains nucleate at the grain
boundaries of original grains and grow up to some extent,Fig. 4. XRD patterns of NZ20Khence mixed zone of bulky grains and fine grains are formed,
as shown in Fig. 3(c). The elongated unDRXed and finely
equiaxial DRXed grain structures are characterized in the
TMAZ.
The HAZ is between the TMAZ and PM (as shown in
Fig. 2), a zone which only experiences a thermal cycle but
does not undergo any plastic deformation. Therefore, HAZ
still retains the similar microstructure to PM and grain size is
slightly larger than that of PM. The average grain size in HAZ
is about 21.3 mm. In conclusion, there is no obvious coars-
ening of grains in HAZ in comparison to PM’s microstructure
(20.6 mm).
Fig. 4a and b shows XRD patterns of the PM and SZ of as-
FSPed NZ20K samples, respectively. It indicates that the
microstructure of the as-extruded NZ20K alloy consists of a-samples: (a) PM, (b) SZ.
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These phases are formed by dynamic precipitation during the
hot-extrusion of the plate at high temperature. As Fig. 3a
shows, a large amount of grainy Mg12Nd is distributed within
the matrix, whereas only a small amount of Mg12Nd is
distributed along the grain boundary. Fig. 4(b) shows that the
SZ of as-FSPed NZ20K alloy also consists of a-Mg and
Mg12Nd phase, but both the number and the intensity of
diffraction peaks of Mg12Nd phase decreases dramatically,
indicating that the volume fraction of the secondary phase
decreases obviously after FSP treatment.
Fig. 5 shows SEM images and EDS analyses of the as-
extruded and as-FSPed NZ20K alloys. It is also obvious that
the number of the Mg12Nd phase decreases after FSP (as
shown in Fig. 5c), compared with that of the as-extruded alloy
(as shown in Fig. 5a). The results are consistent with the XRD
analysis. The a-Mg grain interior of the SZ contains 1.95 wt.%
Nd and 0.29 wt.% Zn (Fig. 5d), which are much higher than
the solute contents in the as-extruded alloy i.e. 1.37 wt.% Nd
and 0.10 wt.% Zn (Fig. 5b). It can be concluded that the
coarser Mg12Nd particles in grain boundaries and the finer one
within the matrix are almost completely dissolved into the
matrix during FSP. Therefore, in addition to significant grain
refinement, another microstructural characteristic is few
Mg12Nd phase remained in the FSPed NZ20K alloy.
Arbegast and Hartley [20] established a relationship be-
tween the temperature of SZ and the processing parameters
during FSP for aluminum (Al) alloys, as follows:
T
Tm
¼ K

W2
V$104
a
ð1Þ
where T is the temperature of SZ, Tm is the melting point of
alloy, W is the tool rotation rate, V is the traversing speed, and
the constants a and K vary between 0.04e0.06 and 0.65e0.75,Fig. 5. The SEM images and EDS analyses of NZ20K alloys (a) the as-extruded im
(d) EDS of point B in (c).respectively. For Mg alloys, the constants a ¼ 0.0442 and
K ¼ 0.8052 [21], and Tm ¼ 638 C [22] for MgeNdeZneZr
based alloys. Therefore, for the tool rotation rate 800 rpm and
the traverse speed 200 mm min1, the estimated temperature
in SZ would be up to about 489 C, which is generally within
the solution heat-treatment temperature range of MgeNdeZn
alloys. Consequently, solid solution of Mg12Nd phase in SZ
would be a spontaneously thermodynamic process, which is
kinetically accelerated by SPD during FSP, leading to a short
solid solution time.
Fig. 6 shows variation of the average grain sizes in the SZ,
with different FSP passes and in PM for NZ20K alloy. With
the increasing of pass, the average grain size in stir zone
decreases firstly and then increases. The average grain sizes
are 4.2 mm, 3.8 mm and 6.0 mm at single-pass, three-passes
and five-passes, respectively. The grain coarsening after
five-pass is probably due to the additional/accumulated
thermal cycles and inputs which the plate experience,
resulting in relatively obvious recovery occurrence, compa-
nied with the occurrence of CDRX and grains growth up after
three passes.
Fig. 7 shows the hardness profiles along the cross-section
for the FSPed NZ20K alloy. The hardness of NZ30K alloy,
exhibits a significant improvement by FSP, whereas the
hardness of the PM is w65 HV while the peak hardness
(w82 HV) is observed in the center of SZ. The increase in
hardness is mainly attributed to the great grain refinement and
the texture variation of the plate after FSP, which will be
discussed later. The material flows in a complex fashion dur-
ing FSP giving rise to temperature gradients, strain and strain
rate within the SZ. This result in different microstructural
feature at different locations in the SZ, therefore almost
symmetrical hardness distribution occurs. The difference in
the orientation of the grains within the SZ will also cause some
anisotropy in hardness across the SZ. Here, the effect ofage, (b) EDS of point A in (a); (c) SZ image in the as-FSPed with single pass,
Fig. 8. Room-temperature tensile properties of the as-extruded and as-FSPed
NZ20K alloys.
Fig. 6. Variation of the average grain sizes in the SZ of FSP at different passes
and PM for NZ20K alloy.
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ported in future.
Fig. 8 summarizes the room-temperature tensile properties
of the as-extruded and as-FSPed NZ20K alloys. The as-
extruded sample exhibits yield strength (YS) of 124 MPa, an
ultimate tensile strength (UTS) of 220 MPa, and an elongation
of 13.0%. The single-pass as-FSPed sample shows a reduction
in ultimate strengths and elongation in the SZ, while yield
strength is improved to 151 MPa. However, multi-pass FSPed
samples show a reduction in yield strength and an increase of
ultimate strength and elongation. The elongation increased by
85%, from 13% for as-extruded to 24% for 3-Passes. The 800/
200-3 sample has the best comprehensive properties, with the
yield strength, ultimate tensile strength and elongation of
117 MPa, 224 MPa, and 24.5% respectively. Elongation of the
FSPed specimen at three passes is higher than the other FSPed
specimens due to its finest grain size.
It should be noticed that the cross-sectional tensile property
distribution of the FSPed plate has a different tend with that ofFig. 7. Micro hardness (Hv) profile measured along the cross-section for the
FSPed NZ20K alloy (800/200-1), the other FSPed alloys exhibit similar
hardness distributions.micro-hardness, i.e. the SZ hardness is obviously higher than
PM hardness; however, the SZ tensile strength is just slightly
higher or even lower than PM tensile strength. In general,
tensile properties depend upon various factors which include
grain size, amount and morphology of secondary phase,
amount of dislocation density, defect, and crystallographic
texture etc. Regarding the PM (i.e. as-extruded state), the basal
texture i.e. majority of grains’ c axis nearly parallel to the ND
direction of the extrusion plate, is relatively strong. However,
the texture can be weakened and modified by tilting an angle
from the ND in SZ of the plate by FSP (This part will be
reported in other publication). On the other hand, one should
notice that the hardness tests in this study are in fact
compression tests along TD direction of the extrusion plate (as
shown in Fig. 1), while the tensile tests are in opposite loading
direction along TD. It indicates that a weak or tilted texture in
SZ is a negative factor for tensile strength along TD due to
easier activation of basal slip or extension twinning during
tensile tests. However, the strong basal texture in PM is pos-
itive factor for tensile strength due to the suppression of
extension twinning and basal slips. The yield strength in SZ is
the combined effects of grain refinement and modification of
texture. The improvement in yield strength of one-pass FSPed
sample is mainly attributed to grain refinement because in this
case the modification of texture has a little negative effect.
However, when the processing passes increase to three or five,
the further modification of texture softens the alloy and neu-
tralizes the strengthening from the grain refinement, leading to
the reduction of yield strength relative to PM’s strength.
Moreover, the as-extruded alloy contains a large amount of
grainy Mg12Nd distributed in the intra-crystalline and along
the grain boundary, which are precipitated during extrusion. In
contrast for the SZ of the as-FSPed alloy, the average grain
size is finer and the volume fraction of secondary phase is
fewer. This is probably the other reason for the strength
reduction in SZ. On the other hand, compared to the PM, the
dislocation density is significantly decreased in the dynamic
recrystallized zone [23], which causes a reduction in UTS.
Interaction of these phenomena could be the reason of insig-
nificant changes in UTS. During hardness tests (compression)
127F.Y. Zheng et al. / Journal of Magnesium and Alloys 1 (2013) 122e127along TD, the strong basal texture in PM is beneficial to
activate extension twining, which indicate both grain refine-
ment and texture modification, therefore are the positive fac-
tors for compression strengthening in SZ, leading to much
lower hardness of PM than that in SZ.
4. Conclusions
The effect of FSP on the microstructure and mechanical
properties of NZ20K alloy were studied and following con-
clusions can be drawn from the present study:
(a) FSP resulted in significant grain refinement in NZ20K
alloy. The average grain size is decreased from about
20.6 mm in as-extruded condition to about 3.8 mm in SZ by
FSP with three passes. With the increase of pass, the
average grain size in SZ reduces firstly and then increases.
(b) The microstructure of the SZ is characterized by fine and
equiaxed a-Mg grains. The Mg12Nd particles in the as-
extruded alloy are almost dissolved into the a-Mg ma-
trix during FSP.
(c) The hardness of the parent metal is about 65 HV, while the
peak hardness is substantially improved to about 82 HV in
SZ. The increase in hardness is mainly attributed to grain
refinement and texture characteristics.
(d) The elongations of the FSPed alloy with three-pass is
improved significantly, meanwhile, the strength is also
retained. These better tensile properties are mainly
attributed to the microstructure refinement, dynamic
recrystallization and dissolution of the Mg12Nd phase.Acknowledgments
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